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Haemotropic mycoplasmas (aka haemoplasmas) are
ultivable, cell wall-free bacteria that attach to the red
od cells (RBCs) of mammalian hosts and can induce
severe haemolytic anaemia in infected animals (Messick,
2003, 2004). Two feline haemoplasmas were originally
recognized: Mycoplasma haemofelis (Mhf) and ‘Candidatus
Mycoplasma haemominutum’ (CMhm) (Berent et al., 1998;
Foley et al., 1998; Messick et al., 1998; Tasker et al., 2001).
Some years ago, a third feline haemoplasma, ‘Candidatus
Mycoplasma turicensis’ (CMt),wasdiscovered ina Swisspet
cat with haemolytic anaemia (Willi et al., 2005). Recent
studieshavedocumentedCMt infections inpet catsandwild
felids worldwide using molecular methods (Fujihara et al.,
2007;Gentilini et al., 2009;Kamraniet al., 2008;Peters et al.,
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A B S T R A C T
At least three haemotropic mycoplasmas have been recognized in cats: Mycoplasma
haemofelis (Mhf), ‘Candidatus Mycoplasma haemominutum’ (CMhm) and ‘Candidatus M.
turicensis’ (CMt). The latter was originally identiﬁed in a Swiss pet cat with haemolytic
anaemia and shown to be prevalent in domestic cats and wild felids worldwide using
molecular methods. So far, there has been no conﬁrmatory morphological evidence of the
existence of CMt presumably due to low blood loads during infection while CMhm has
only been characterized by light microscopy with discrepant results. This study aimed to
provide for the ﬁrst time electron microscopic characteristics of CMt and CMhm and to
compare them to Mhf. Blood samples from cats experimentally infected with CMt, CMhm
and Mhf were used to determine copy numbers in blood by real-time PCR and for
transmission and scanning electron microscopy. High resolution scanning electron
microscopy revealed CMt and CMhm to be discoid-shaped organisms of 0.3mm in
diameter attached to red blood cells (RBCs). In transmission electron microscopy of CMt,
an oval organism of about 0.25mm with several intracellular electron dense structures
was identiﬁed close to the surface of a RBC. CMhm and CMt exhibited similar morphology
to Mhf but had a smaller diameter. This is the ﬁrst study to provide morphological
evidence of CMt thereby conﬁrming its status as a distinct haemoplasma species, and to
present electron microscopic features of CMhm.
 2010 Elsevier B.V.
Corresponding author at: Clinical Laboratory, Vetsuisse Faculty,
ersity of Zurich, Winterthurerstrasse 260, 8057 Zurich, Switzerland.
+41 44 635 86 94; fax: +41 44 635 89 23.
E-mail address: bwilli@vetclinics.uzh.ch (B. Willi).
Contents lists available at ScienceDirect
Veterinary Microbiology
journa l homepage: www.e lsev ier .com/ locate /vetmic
Open access under CC BY license.8-1135 2010 Elsevier B.V.
10.1016/j.vetmic.2010.11.020
Open access under CC BY license.
B. Willi et al. / Veterinary Microbiology 149 (2011) 367–3733682008; Sykes et al., 2007; Willi et al., 2006a,b, 2007).
However, there has been no conﬁrmed morphological
evidence of the existence of CMt, likely due to the low
blood loads seen during infection (Museux et al., 2009;
Peters et al., 2008;Tasker et al., 2009;Willi et al., 2006a,b). In
contrast, Mhf and CMhm have been successfully identiﬁed
by light microscopy. However, discrepant results have been
published concerning the morphological features of CMhm
and no morphological characteristics of CMhm based on
electron microscopy are yet available.
The goal of this study was to provide for the ﬁrst time
electron microscopic features of CMt and CMhm by means
of scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) on blood samples from
experimentally infected cats. The morphologic character-
istics of CMt and CMhm were compared to those of Mhf.
2. Materials and methods
2.1. Experimental infection and PCR analysis
The experimental infections of the cats were performed
for unrelated studies. Brieﬂy, two SPF cats (Cats Z and 1,
Table 1) were experimentally infected intraperitoneally or
subcutaneously with CMt as previously described (Museux
et al., 2009). For experimental CMhm infection, one SPF cat
(Cat Q1, Table 1) was inoculated intraperitoneallywith 1ml
of EDTA blood in 20% dimethyl sulfoxide (DMSO, Sigma–
Aldrich, Buchs, Switzerland) as described (Geret et al.,
submitted for publication). The latter bloodwas positive for
CMhm (6.9 105 copies/ml) and feline leukaemia virus
(FeLV, 9.8 107 copies virus/ml). For experimental Mhf
infection, one SPF cat (Cat QLA5, Table 1) was inoculated
intraperitoneally with 2ml of Mhf-PCR positive blood
(109 copies/ml, preserved in 20% DMSO, Wolf-Ja¨ckel et al.,
2010) from the experimentally infected cat HF3 (Tasker et
al., 2009). Thecatswerekept ingroupswithother cats either
uninfected or infected with the same infectious agents in a
conﬁned university facility under etiologically and hygie-
nically ideal conditions as described (Museux et al., 2009).
The experiments were performed according to the law and
ofﬁcially approved by the veterinary ofﬁce of the canton
Zurich (TVB 101/2007). Prior to inoculation, blood and
serum samples, and conjunctival, oropharyngeal and rectal
swabs were collected to verify the SPF status of the cats as
previously described (Museux et al., 2009). After experi-
the inoculated haemoplasma species: total nucleic acid
(TNA) was extracted from 100ml of EDTA-anticoagulated
blood, analysed by speciﬁc TaqMan real-time PCR assays
and absolute quantiﬁcation performed using plasmid
standards as described previously (Willi et al., 2006a,
2005). In addition, TNA from blood collected from the cats
after successful haemoplasma infection was tested with
feline haemoplasma-speciﬁc TaqMan PCR assays as
described to conﬁrmabsence of haemoplasma co-infections
(Willi et al., 2006a, 2005).
2.2. Haematology and blood smear preparation
Haemograms from EDTA-anticoagulated blood were
performed regularly using a Cell-Dyn 3500 system (Abbott,
Baar, Switzerland)oraSysmexXT-2000iV (SysmexCorpora-
tion, Kobe, Japan,Weissenbacher et al., 2010). Blood smears
werepreparedfromtheCMt-andMhf-infectedcats(CatsZ,1
and QLA5). For blood smear preparation, EDTA-anticoagu-
lated blood was stained with Giemsa using an automated
slidestaineror stainedmanuallywithDiff-Quickas reported
previously (Museux et al., 2009). Additionally, smears were
prepared from non-anticoagulated blood immediately after
collection andDiff-Quick stained. All smearswere evaluated
by light microscopy for the presence of haemoplasmas.
2.3. Electron microscopy
Blood samples for electron microscopic studies were
collected fromCatsZ, 1,Q1 andQLA5at the timeor fourdays
to two weeks after peak bacteraemia. Blood samples were
anticoagulated with lithium-heparin or Alsever’s solution;
anticoagulation with Alsever’s solution was performed
using a 1:1 mixture of whole blood with the anticoagulant.
Anticoagulated blood samples were ﬁxed within 10min of
collection. For SEM, a total of 600ml of anticoagulated blood
was added to 2.5ml of 0.1M Na/K-phosphate, pH 7.4, and
the mixture slowly added to 5ml of 2.5% glutaraldehyde in
0.1M Na/K-phosphate. The homogeneous mixture was
centrifuged at 1400 g for 10min and the supernatant was
discarded. The resulting pellet was resuspended in 2.5ml of
0.1M Na/K-phosphate and stored at 4 8C. For ﬁnal prepara-
tion, cells were centrifuged at 600 g for 5min, resus-
pended in1%osmiumtetroxide inphosphatebufferedsaline
(PBS), and washed once with PBS by centrifugation at 600 g
for 5min. A total of 100ml of resuspended cells in PBS were
Table 1
Experimental infection of Cats Z, 1, Q1 and QLA5 and characteristics of samples collected for electron microscopy.
Cat Agenta Route of
infectionb
Age at
infection
(months)
Characteristics of samples collected for electron microscopy
Day of blood
collectionc
Haemoplasma
blood loadd
PCV (%) RBC counte Anticoagulant
Z CMt i.p. 37 19 4.38 106 24 5.68 106 Lithium-heparin
1 CMt s.c. 12 23 9.04 105 28 6.55 106 Alsever’s solution
Q1 CMhm i.p. 3 56 5.65 106 28 6.91 106 Alsever’s solution
QLA5 Mhf i.p. 33 10 4.42 108 24 5.59 106 Alsever’s solution
a CMt: ‘Candidatus M. turicensis’, CMhm: ‘Candidatus M. haemominutum’, Mhf: M. haemofelis.
b i.p.: intraperitoneally, s.c.: subcutaneously.
c Day post-infection.
d Copies/ml of blood.
e Cells/ml of blood.centrifuged in a Shandon Cytospin 2 (DAKO, Baar, Switzer-mental infection, the catsweremonitored for blood loads of
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ydrated in a graded acetone series, critical point dried
ltec CPD 030, Leica Microsystems, Heerbrugg, Switzer-
d), sputter coated with 5 nm gold (Baltec SCD 010), and
ged in a ﬁeld emission scanning electron microscope
o Gemini 50 VP, Zeiss, Oberkochen, Germany) at an
acceleration voltage of 5 kV. For TEM, a total of 120ml of
anticoagulated blood was added to 1ml of 0.1M Na/K-
phosphate,pH7.4, andthemixturewasslowlyaddedto1ml
of 2.5% glutaraldehyde in 0.1M Na/K-phosphate. The
homogeneous mixture was centrifuged at 3600 g for
25min, the supernatant removed, and the pellet stored in
1. (a–d) SEM images of RBCs from blood anticoagulated with Alsever’s solution collected from Cat 1 on day 23 after experimental infection with CMt.
oid-shaped organisms, about 0.3mm in diameter, are attached to the surface of RBCs (indicated by an arrow in a). Bars represent 1mm.2. SEM image of RBCs from lithium-heparin-anticoagulated blood collected from Cat Z 19 days after experimental infectionwith CMt. Circular contrast-
regions of about 0.3mm on two RBCs are visible. Bar represents 1mm.
B. Willi et al. / Veterinary Microbiology 149 (2011) 367–3733700.1M Na/K-phosphate at 4 8C until ﬁnal preparation. Cell
pellets were post-ﬁxed with 1% osmium tetroxide in 0.1M
Na/K-phosphate, dehydrated in a graded ethanol series,
transferred to acetone for embedding in epon, and poly-
merizedat60 8C for2.5days.Ultrathinsectionswerestained
with uranyl acetate and lead citrate and examined at an
acceleration voltage of 100 kV in a Philips CM 12 transmis-
sion electron microscope (Philips, Eindhoven, the Nether-
lands) equipped with a low scan CCD camera (Gatan,
Pleasanton, CA, USA).
3. Results
3.1. Experimental infection
Experimental infection of Cats Z, 1, Q1 and QLA5 was
successful (Geret et al., submitted for publication; Museux
et al., 2009; Wolf-Ja¨ckel et al., 2010). Peak haemoplasma
copy numbers were lower in the two CMt-infected Cats Z
and 1 (5.77 106 copies/ml of blood on day 15 p.i. and
9.04 105 copies/ml of blood on day 23 p.i., respectively)
Fig. 3. (a–d) SEM images of RBCs from blood anticoagulated with Alsever’s solution collected from Cat Q1 on day 56 after experimental infection with
CMhm. Discoid-shaped organisms, about 0.3mmin diameter, are attached to the surface of RBCs. A circular contrast-free region of about 0.3mmin diameter
is seen on the surface of a RBC in Fig. 4 d. Bars represent 1mm.Fig. 4. (a, b) SEM images of RBCs from blood anticoagulated with Alsever’s solution collected from Cat QLA5 10 days after experimental infection with Mhf.
Severaldiscoid-shapedorganismsofabout0.5mmindiameter areattached toRBCs.Anorganisminbinaryﬁssion is indicatedbyanarrow.Bars represent1mm.
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od on day 10 p.i.) and the CMhm-infected Cat Q1
5 108 copies/ml of blood at 6 weeks p.i.). All four cats
re free of haemoplasma co-infections as determined by
Man real-time PCR assays.
Light microscopic evaluation of blood smears for CMt
None of the blood smears from the two CMt-infected
s, independent of the preparation method used, showed
ctures compatible with haemoplasma organisms. For
parison, blood smears from the Mhf-infected Cat QLA5
pared on days 10 and 11 p.i. showed structures
sistent with haemoplasma organisms (data not shown).
3.3. SEM characteristics of CMt, CMhm and Mhf
High resolution SEM revealed structures compatible
with haemoplasmas epicellularly attached to RBCs in the
blood sample collected from the CMt-infected Cat 1 (Fig. 1
a-d). These discoid-shaped structures were about 0.3mm
in diameter. In the CMt-infected Cat Z, contrast-free, not
gold-coated, circular regions of about 0.3mm in diameter
were identiﬁed on the surface of several RBCs (Fig. 2). In
the CMhm-infected Cat Q1, discoid-shaped structures of
about 0.3mm in diameter were identiﬁed on several RBCs
(Fig. 3a–c). Some RBCs showed also contrast-free, not
gold-coated, circular regions of about 0.3mm on their
surface (Fig. 3d). In the Mhf-infected Cat QLA5, SEM
5. TEM images. (a) Lithium-heparin-anticoagulated blood collected from Cat Z on day 19 after experimental infection with CMt. An oval structure of
t 0.25mm in length with intracellular round electron dense particles is located close to the surface of a RBC. Bar represents 0.2mm. (b, c) Blood sample
coagulatedwith Alsever’s solution and collected fromCatQLA5 10 days after experimental infectionwithMhf. Structures of about 0.5–0.6mm indiameter
tightly attached to the surface of RBCs. Bars represent 0.5mm.
B. Willi et al. / Veterinary Microbiology 149 (2011) 367–373372revealed discoid-shaped organisms 0.5mm in diameter on
the surface of RBCs (Fig. 4a and b). Some of these
structures showed binary ﬁssion (Fig. 4 a, indicated by an
arrow).
3.4. TEM characteristics of CMt and Mhf
An oval structure of about 0.25mm was identiﬁed by
TEM close to the surface of a RBC of Cat Z experimentally
infected with CMt (Fig. 5 a). The latter structure showed
several intracellular electron dense round particles. In the
Mhf-infected Cat QLA5, structures of about 0.5–0.6mm in
diameter were found closely attached to the surface of
RBCs (Fig. 5b and c). While the latter structures most
closely resemble haemoplasmas, the one in Fig. 5a might
also represent a section through a protrusion of a blood
platelet.
4. Discussion
The present study provides for the ﬁrst time morpho-
logical evidence of CMt. So far, the organism has only been
detected using sensitive molecular methods. By using
electron microscopy, the morphology of the organisms
found attached to the RBCs of Cat 1 experimentally
infected with CMt was similar to that reported for Mhf
as well as for other haemoplasma species (Demaree and
Nessmith, 1972; Groebel et al., 2009; Jain and Keeton,
1973; Maede and Sonoda, 1975; McKee et al., 1973;
Neimark and Kocan, 1997). This suggests that the herein
described structures indeed represent CMt. In SEM, CMt
seems to exhibit a slightly smaller diameter (0.3mm) than
previously and herein reported for Mhf (0.5mm) (Jain and
Keeton, 1973; Maede and Sonoda, 1975).
SEM revealed that CMhmexhibits a similarmorphology
and size as CMt (0.3mm). A similar size for CMhmhas been
reported by an earlier study based on light microscopy
(Foley and Pedersen, 2001), whereas another report
determined a larger size of approximately 0.6mm for
one ‘Candidatus M. haemominutum’ strain (Tasker et al.,
2001). However, size determination can be hampered by
methodological inaccuracies.
SEM of blood samples from CMt- and CMhm-infected
cats revealed contrast-free, not gold-coated circular
regions, about 0.3mm in diameter, on the surface of
several RBCs. Previous studies have also reported ‘pock-
marks’ or ‘holes’ on the surface of RBCs in haemoplasma-
infected animals (Jain and Keeton, 1973; Yang et al., 2007).
Some authors have hypothesized that these lesions are due
to the detachment of haemoplasmas from the RBC surface,
and that this could be responsible for the increased
osmotic fragility of RBCs commonly observed during
haemoplasma infections (Maede, 1975; Yang et al.,
2007). Indeed, an increase in RBC osmotic fragility has
also been reported in cats experimentally infected with
CMt (Willi et al., 2005). In the present study, detachment of
organisms may also have been initiated during prepara-
tion, e.g. during osmium tetroxide ﬁxation depending on
the buffer used prior to osmium ﬁxation (Hayat, 2000).
Detachment of haemoplasmas has also been reported with
In agreement with previous studies, we were unable to
identify CMt in blood smears by light microscopy, inde-
pendent of the blood smear preparation method used. We
believe this tobedue to the lowCMtblood loads seenduring
infection: the maximal blood loads of 5.77 106 copies/ml
of blood in Cat Z corresponded to only one CMt copy per 103
to 104 RBCs (Museux et al., 2009), whereas at peak
bacteraemia in Cat QLA5, one could expect one Mhf copy
per 10–100 RBCs (Table 1). Therefore, light microscopic
evaluation of blood smears is a very insensitive method to
diagnose CMt infections and PCR represents the diagnostic
method of choice to detect infections with this agent.
5. Conclusion
Weconclude fromthepresent study thatCMt andCMhm
showmorphological characteristics similar to Mhf but they
are of smaller size. Given the typically low CMt blood loads
during infection, lightmicroscopyofbloodsmearshasavery
lowdiagnostic sensitivity and PCR represents themethod of
choice to diagnose CMt infections.
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